M icroRNAs (miRNAs) are a class of small noncoding RNAs that play significant roles in the post-transcriptional regulation of gene expression and diverse cellular functions. It has been shown that many diseases including a variety of cancers, 1−3 psychiatric syndromes, 4 diabetes, 5 and cardiovascular diseases 6, 7 correlate to dysregulation of these small RNAs. With a high value, miRNAs have gained increasing popularity as potential novel biomarkers in disease diagnosis and prognosis. 8 Despite their great promise, the quantification of miRNAs is practically challenging due to their unique properties such as small size, high levels of sequence homology, and wide range in abundance. 8−10 While the existing approaches including quantitative real-time polymerase chain reaction (qRT-PCR), microarray, and deep sequencing have high sensitivity, they are costly, inconsistent, and do not address all crucial clinical needs. 8, 9, 11 Moreover, PCR-based systems require great care with primer design due to their target-based amplification, and often introduce sequence bias. 9, 12 Microarrays, however, allow large-scale parallel detection of miRNAs, but usually require relatively long assay times with complicated steps. 9, 13 Therefore, there is a great demand for systems that provide high sensitivity and specificity without target-based amplification, a simple workflow, and the ability to multiplex small panels of miRNAs in a high throughput manner.
In addition, sample processing and RNA extraction is also crucially important for reliable miRNA quantification. A large fraction of miRNAs is associated with protein complexes as a mechanism for their stability, and located within cells. 8 Due to this high stability, miRNAs present a promising target for diagnostics, yet require efficient and careful cell lysis to recover intact target molecules for capture to complementary probes. Also, to remove undesirable entities for either maintaining the activity of an enzyme like polymerase or reducing fouling, most existing technologies require additional total RNA isolation prior to running a miRNA assay. 14−17 However, RNA extraction is technically challenging and typically rate-limiting. Recent development of commercial and in-house reagents has enabled the simple preparation of crude cell lysates suitable for direct miRNA measurement. 18−20 While advantageous in assay throughput, these reagents typically generate large variations in miRNA quantification, decreasing assay reliability. Moreover, commercial buffers are often costly and less informative in buffer components, limiting assay flexibility. In a different manner, Ryoo et al. has demonstrated the development of biosensors to quantify miRNA expression levels in living cells. 21 However, this approach requires long assay times (14 h) and provides low sensitivity (1 pM). Thus, rapid and reliable direct measurement of miRNAs from crude cellular lysate has become of great interest in disease diagnosis.
To overcome these limitations, we sought to use polyethylene glycol (PEG) hydrogel particles. In previous work, we demonstrated the superiority of nonfouling PEG hydrogels for the detection of biomolecules such as DNA, proteins, and miRNA in complex media. 22−26 In addition, a hydrogel substrate provides an aqueous reaction environment, which leads to more favorable association of targets than surface-based sensing platforms. 26−28 Also, a 3-dimensional gel matrix offers high and uniform loading capacity of probe molecules, and reduces the energy barrier for access to target probes with less steric hindrance. We use a novel high-throughput stop-flow lithography (SFL) technique to simultaneously synthesize gel particles in microfluidic devices with highly reproducible compositions. 29, 30 After a single polymerization step, particles bear spatially distinct regions of code and probe. The fluorescently doped code region consists of a series of unpolymerized holes to identify the specific DNA probe functionalized for miRNA target capture. Our encoding scheme allows multiplexed analysis and its capacity can be easily augmented to millions by adding more holes. With these particles, we previously demonstrated rapid miRNA detection with atto-mole sensitivity by employing a unique ligation-based labeling scheme after hybridization. 22 This posthybridization scheme is very efficient and uses the same adapter regardless of the miRNA target, which eliminates the possibility of sequencebias.
In this paper, we demonstrate the multiplexed quantification of endogenous miRNAs on barcoded hydrogel particles directly from raw cells without the need for RNA extraction in a 2 h and 45 min assay. By using an optimized buffer system, it is possible to liberate miRNAs from cells and carrier proteins for highly efficient capture of miRNA targets. To fluorescently label bound miRNA targets without the risk of sequence bias, we adopt the unique post target-hybridization labeling scheme. The assay provides high sensitivity with a limit of detection of hundreds of individual cells without target amplification over a three log range while allowing multiplexing across at least three endogenous targets.
Moreover, this detection platform is a highly tunable and scalable analysis system. It has been known that miRNA copy numbers are highly variable over 4 orders of magnitude in a given cell, depending on cell type and state. 8 Also, cell-to-cell expression is often heterogeneous, requiring large-scale analysis for the quantification of multiple miRNA expressions at the single-cell level. To translate to a single assay, one often relies on sequence-dependent target amplification via RT-PCR, 31, 32 which potentially requires probe-set modification that may be difficult to scale-up. Instead, our versatile system is capable of incorporating a signal-based amplification scheme 23,33−35 such as rolling circle amplification (RCA) without a need for extensive optimization regardless of cell type or miRNA target. This sensitivity can be improved further (over 2 orders of magnitude) by running the assay in nanoliter chambers. We anticipate that the results presented here will allow rapid and reliable clinical profiling of miRNAs, which can potentially be extended to single cell analysis.
■ EXPERIMENTAL SECTION
Particle Synthesis. Hydrogel particles were synthesized using stop flow lithography. 29, 30 Briefly, 250 μm by 70 μm hydrogel particles were formed by coflowing streams of monomer through a polydimethylsiloxane (PDMS) device. The flow was paused, and UV light was transmitted through a mask positioned in the field stop of the microscope to crosslink the monomer and form particles. The hydrogel particles used in this study contained four regions: a code region containing rhodamine with holes for particle identification, a probe region containing an acrylate modified miRNA probe, cross-linked into the hydrogel, and two spacer regions, which flanked the probe region to unify the mass transport resistance on both ends and isolate it from the fluorescence of the code region. The monomer solutions were composed of polyethylene glycol diacrylate (PEG-DA) monomer with 200 MW PEG used as a porogen to increase diffusion through the particles. The code and spacer regions were formed from a 35% v/v PEG-DA solution diluted 9:1 with either rhodamine or color dye for visualization. The probe region consisted of a 20% v/v PEG-DA solution diluted 9:1 with the probe. The probe concentration was adjusted based on the relative binding rate as described previously, 22 resulting in concentrations of 247 μM for miR-21, 50 μM for miR-145, and 111 μM for miR-146a.
Assay Protocol. The synthesized particles were used in a bioassay to analyze concentrations of miRNA in cell lysate. For maximum sensitivity and reliable measurement of miRNA, we have used ∼50 particles in each incubation tube for all incubations. All reaction steps were conducted in a thermoshaker (MultiTherm Shaker, Thomas Scientific) at 1500 rpm. Cells were rinsed in PBS with 0.1% BSA three times prior to beginning the assay. In the first assay step, the cells were lysed and the target miRNA was simultaneously hybridized to the hydrogel-linked complementary probe. The previous study reported that the small size of the RNA target (∼20bp) allows it to completely penetrate all regions of the particle, hybridizing throughout the incubation period. 26 This hybridization step was conducted for 90 min at 55°C in 1X Tris-EDTA buffer with 0.05% Tween-20 (1X TET) containing 350 mM NaCl, 2% (w/v) sodium dodecyl sulfate (SDS) and 200 μg/mL proteinase K in a total reaction volume of 50 μL. The SDS served as a lysing agent, while the proteinase K degraded associated proteins to release miRNAs for capture. Following miRNA capture, samples were rinsed three times with washing buffer (50 mM NaCl in TET). In each rinse step, we added 500 μL of washing buffer to the incubation tube. After vortexing and centrifugation, all but 50 μL of solution was aspirated from the incubation tube through manual pipetting. Next, the biotinylated universal linker sequence hybridized to the portion of the probe specific for the universal linker and was ligated to the miRNA. This step was conducted in buffer containing ATP, the universal linker, and T4 DNA ligase for 30 min at 21.5°C. The exact buffer composition is listed in Table  S3 . Following the ligation of the linker, the solution was rinsed three times with washing buffer. For signal, samples were incubated with 1.8 μg/mL streptavidin conjugated R-phycoerythrin (Life Technologies) in 1X TET buffer containing 50 mM NaCl. After another three-rinse cycle, the streptavidin− biotin bond resulted in fluorescence in the probe region, proportional to the amount of hybridized miRNA, which was visualized by applying light at the PE excitation wavelength using a filter set from Omega Optical (filter set XF101−2). The particles were imaged on a Zeiss Axio Observer A1 microscope using a 20X objective, an Andor Clara CCD camera and Andor SOLIS software.
Assay from Freeze−Thaw Cell Lysate. To investigate the compatibility with freeze−thaw cell lysate, cell lysate was prepared prior to running the assay. The cells at desired concentration (here, 100 000 cells/μL) were lysed by 90 min incubation at 55°C in 1X TE buffer with 0.5% Tween-20 (v/v) with 2% (w/v) SDS and 200 μg/mL PK. Then, the lysate was frozen at −20°C in 100 μL aliquots. For the miRNA assay, frozen lysate was thawed at room temperature, and sequentially, hybridization and labeling were performed as described in the above section and previous papers. 22, 23, 35 Data Analysis. After each particle was imaged, the image was aligned and cropped using ImageJ 36 (National Institutes of Health), and the total fluorescence intensity from the probe region was averaged to calculate the total fluorescence using a custom MATLAB script. The background fluorescence was calculated by averaging the fluorescence in a region outside of the particle and was subtracted from the probe fluorescence to generate background-subtracted signals. The net signal was then found by subtracting the background-subtracted signal of the control particle from the background subtracted signal of the particle of interest. For all studies, 4−8 particles were analyzed to compute average fluorescence intensities.
Determination of Limit of Detection (LOD). The limit of detection was determined according to previously published protocols. 35 The noise of the measurement was defined to be the standard deviation of the control probe signal, after incubation with 0 cells or 0 amol of synthetic targets. Then, the limit of detection was defined to be the cellular concentration at which the net signal-to-noise ratio was equal to 3. This was calculated by plotting the signal-to-noise ratio vs either the cellular concentration or the amount of synthetic miRNA (also, see Figure S3 ). The data points were fit to a line, and the line was extrapolated to find the cellular concentration or synthetic miRNA amount at which the net signal was equal to three times the control probe fluorescence (signal-to-noise ratio of 3). This cell concentration is the limit of detection of the assay.
■ RESULTS AND DISCUSSION Assay Optimization. We sought to apply our PEG hydrogel microparticles to measure the endogenous miRNA expressions in crude cell lysate without a total RNA extraction procedure. It is previously reported that such PEG-based particles prevent nonspecific binding and enable the direct detection of biological molecules in complex media due to the nonfouling and biofriendly nature of the scaffold. 22−26 With the synthesized encoded gel microparticles, we directly added raw 3T3 cells to the reaction tube and modified our assay protocol as described in the Experimental Section ( Figure 1A ). To release cellular content including miRNAs, the tube contained detergent (SDS) and proteinase K (PK) in addition to hybridization buffer to disrupt bonds within cell walls and denature proteins possibly associated with miRNAs. Under our optimized hybridization buffer conditions, only the target miRNAs bind to the complementary probe functionalized in the hydrogel particles ( Figure 1B) . Then, we employed a twostep labeling method with biotinylated universal linker and phycoerythrin-conjugated streptavidin reporter (SA-PE). In an initial trial with a spike of 500 amol of synthetic miRNAs, we observed specific and consistent fluorescent signals on the probe region of the particles ( Figure 1C) . Importantly, this universal linker in our labeling scheme is used for every single gel regardless of the intended miRNA target, which eliminates the possibility of sequence-bias and provides high flexibility in the choice of the reporter molecules.
To evaluate the compatibility of crude cell lysate with the particles, we first tested the endogenous expression of miR-21, which has been known to be involved in various cellular functions. Preliminary tests with miR-21-specific particles with code 03213 showed that our assay scheme provided measurable signal from ∼250 000 3T3 cells without any significant adsorption on nonprobe regions of the particles ( Figure 1D ). This nonfouling property enables not only accurate quantification of target miRNAs but also rapid decoding of our barcode particles, which is critical in a multiplex assay. Thus, this experimental result suggests that our assay platform and protocol are feasible for the direct detection of multiple miRNAs from raw cells.
For the efficient recovery of miRNAs to achieve sensitive measurement, we further optimized the cell lysis conditions. Strong ionic detergents such as SDS are one of the most widely used cell-lysis techniques for biochemical assays, since they provide fast cell lysis on the order of seconds without the need for specialized equipment. 37 For optimization, we analyzed the impact of combining the hybridization buffer with detergent, protease, and RNase inhibitor. In all assays, we analyzed the endogenous miR-21 signals from 5000 3T3 cells. It is important to note that control signals from different buffer conditions exhibited negligible differences ( Figure S1 ). As shown in Figure  2A , target capture increased as the concentration of SDS was raised from 0.5 to 4% (w/v) at constant PK (200 μg/mL). Above 4% SDS, the fluorescent signal decreased (data not shown). By considering both signal intensity and variability, we proceeded using 2% (w/v) SDS. Next, we evaluated the effects of PK, which was introduced to denature carrier proteins of miRNAs. Also, it has been known that PK efficiently digests and inactivates RNase and DNase in the presence of SDS. 38 There were not significant differences in fluorescence among three different concentrations of PK at 2% (w/v) SDS, but 200 μg/mL PK resulted in the highest target signal ( Figure 2B ). To determine whether adding RNase inhibitor would increase the fluorescent signal, 0, 0.2, or 20 U of RNase inhibitor were added to the reaction (0, 4, and 400 U/mL in final reaction volume, respectively). However, we observed that the sample without RNase inhibitor had a higher fluorescent signal ( Figure  2C ), likely due to the absence of the glycerol-based buffer in which the RNase inhibitor was stored. Furthermore, to explore the effect of a blocking agent during lysis/capture, we added BSA to the reaction buffer. This test resulted in lower signals for 0.1% and 1% (w/v) BSA than preparations without BSA in the reaction mixture ( Figure 2D ), indicating that a blocking agent is not required for this assay, presumably due to the nonfouling nature of the gel particles. Actually, it was postulated that adding high BSA possibly hinders the transfer of target molecules. Importantly, the solution used to wash the cells prior to the lysis/hybridization step is required to include BSA (normally at 0.1% (w/v)) to prevent cell loss on tube and tip surfaces. On the basis of the optimization results, we decided to use 2% (w/v) SDS and 200 μg/mL PK in subsequent studies to maximize the target capture.
Detection Performance. Using the protocol optimized here, we investigated the effect of lysis buffer components on target-probe binding and labeling efficiency with 500 amol of synthetic miR-21. As shown in Figure 3 , SDS and PK induced only a small decrease (∼1.2%) of miR-21 signal intensity. Also, Figure S2 demonstrates that the optimized lysis buffers provided repeatable results from two separate measurements. This high performance and reproducibility of the assay implies that the buffer complexity did not affect assay performance, which requires no further modification in ensuing assays. Also, this indicates that the lysis buffer components did not impair the function of the T4 DNA ligase used during the labeling step, suggesting that the rinse steps effectively removed the SDS and PK from the hydrogels after cell lysis/target binding. Moreover, to validate the accuracy of our assay scheme, we compared this fluorescent signal from 500 amol spikes of synthetic target in 2% SDS and 200 μg/mL PK to the endogenous miR-21 signal previously measured from 5000 3T3 cells in the same buffer. The fluorescent signal from 5000 3T3 cells was similar to ∼71.4 amol synthetic miR-21, allowing us to approximate the copy number as ∼8600 copies of miR-21 per 3T3 cell. This correlates well with a previously published estimate of ∼8327 copies per 3T3 cell obtained using Northern blots. 17 Next, we examined the assay sensitivity and dynamic range for synthetic and endogenous miR-21 by plotting calibration curves. In each reaction tube containing lysis/miRNA capture buffer, we incubated either synthetic miRNA spikes (from 2.5 amol to 5 fmol) or crude cell lysates (from 1000 to 500 000 3T3 cells). As shown in Figure 4 , our assay scheme provided an excellent linear response over ∼3 logs for both synthetic and endogenous targets with R 2 ≈ 0.99. From the calibration curve, we calculated the limit of detection (LOD) based on the analysis our group has previously conducted (see the Experimental Section for details). 22, 23, 35 To determine the LOD, a plot of the signal-to-noise ratio (SNR) as a function of concentration was fit with a line and extrapolated to find the concentration at which the SNR equals three, which was defined to be the assay LOD ( Figure S3 ). Importantly, this SNR was derived from the net signal by subtracting the control signal (obtained with the 0 amol spike-ins or 0 cells) from the target signal so that the assay background was accounted for in the analysis. The assay from synthetic spikes demonstrated a LOD of 2.4 amol, which is comparable to the previous studies that were validated with qRT-PCR. 22 This indicates that the lysis buffer does not affect the assay performance. In the case of 3T3 cell lysate, we determined that endogenous miR-21 quantification can be accomplished with as few as ∼857 cells. Previously, Ho et al. has reported microRNA LODs of 200 cells, 19 which is within an order of magnitude of the LOD obtained with our hydrogel-based detection. Even though some recent studies on direct miRNA measurements demonstrate high sensitivity (1−1000 cells), 18, 20 their measurements are based on target-based amplification of qRT-PCR. This targetbased amplification often introduces sequence bias. In future, our highly flexible synthesis and assay scheme can be readily integrated with locked nucleic acid (LNA) probes and/or a signal-based amplification scheme with the use of multiple fluorophores to improve system sensitivity.
Furthermore, we noted that a mean intratrial CV of 8−9% was calculated for both endogenous and synthetic miRNA targets. This was in contrast to other methods for direct quantification of miRNA from crude cell lysates, which showed typically high variations (CV 12.7%−47.8%). 19 It is importantly noted that our small CV represents the high quality of RNA recovery from raw cells with our lysis buffer and high accuracy in miRNA measurement with a hydrogel-based detection platform. Thus, we need only a small number of particles (<∼10 particles) for reliable analysis, which is beneficial for high-throughput assays.
Additionally, we examined the freeze−thaw performance using cell lysates (25 000 3T3 cells) prepared from our lysis buffer (2% SDS and 200 μg/mL PK). Generally, it has been shown that miRNAs are highly stable in cell lysates and can be stored at −20 and/or −80°C for days. 18, 19 In our proof-ofconcept test of freeze−thaw cell lysate, the endogenous miR-21 signal was decreased by ∼50% compared to fresh cell lysates ( Figure S4 ). This signal decrease is probably due to freeze/ thaw temperatures (here, −20°C/room temperature) or absence of RNase inhibitor; a previous study demonstrated that RNA stability was enhanced when stored at −80°C or thawed at 4°C or RNase inhibitor added. 18 For better assay reliability and sensitivity, it is possible to further optimize our assay protocol in the future.
Multiplex Detection. Our next task was to evaluate the multiplex performance in crude cell lysate. It has been previously reported that our hydrogel-based detection system is beneficial in performing multiplexed assays for small panels of miRNAs with a high level of specificity in a relatively short time period. In initial characterization, we compared the cellular miR-21 signals from singleplexed and multiplexed assays. There was no significant difference in miR-21 intensity between the two assays ( Figure S2 ), demonstrating that our modified assay scheme is compatible with a multiplexed assay. After characterization, we simultaneously measured three endogenous miRNA targets (miR-21, miR-145, miR-146a) from raw 3T3 cells by adding graphically encoded gel particles with different probes to the same reaction mixture. Their expression levels are known to be diverse in 3T3 cells, allowing us to demonstrate multiplexing abilities over a wide range of concentrations for diagnostically relevant targets. For multiplexing, all probe concentrations were rate matched as described in the Experimental Section and previous studies. 22, 35 As illustrated in Figure 5 , we observed dose-dependent signals from three endogenous targets. Specifically, the miR-145 signal is measured as ∼0.27 relative to miR-21, which is well matched with previous Northern blot results (miR-145 signal was expected to be ∼20% of miR-21 signal). 17 This correlation demonstrates the high efficiency of our lysis approach and high performance of our assay scheme. It is also important to note that there was no significant signal measured from particles containing probes for C. elegans miRNA (cel-miR-54), which is often used as a control ( Figure 5A) . 23, 39, 40 This result demonstrates the high reliability and specificity of our assay scheme.
■ CONCLUSIONS
In summary, we have developed a technique for direct measurement of unpurified cellular miRNA levels through the use of hydrogel particles and an optimized buffer for cell lysis and miRNA hybridization. Unlike previous studies, this assay demonstrates reliable measurement with small intratrial coefficients of variation (8−9%). Our graphically encoded barcode particles enabled multiplexed measurements for three endogenous miRNA targets (miR-21, miR-145, miR-146a). We also quantified the expression level of let-7a miRNA from raw HeLa cells (data not shown), indicating that our versatile assay scheme could potentially be extended to other cell types and miRNA targets. Moreover, in our highly flexible and scalable system, our current sensitivity (<1000 cells) can be improved, possibly to a single cell level, through incorporating signalbased amplification or running the assay in nanoliter chambers without the need for rigorous optimization. This single-cell assay would be beneficial in understanding cell-to-cell heterogeneity and characterizing rare cells. 
